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PM2.5 and PM10 mass measurements from different sampling
systems and locations within California’s San Joaquin Valley (SJV)
are compared to determine how well mass concentrations from
a unified data set can be used to address issues such as compli-
ance with particulate matter (PM) standards, temporal and spa-
tial variations, and model predictions. Pairwise comparisons were
conducted among 20 samplers, including four Federal Reference
Method (FRM) units, battery-powered MiniVols, sequential filter
samplers, dichotomous samplers, Micro-Orifice Uniform Deposit
Impactors (MOUDIs), beta attenuation monitors (BAMs), tapered
element oscillating microbalances (TEOMs), and nephelometers.
The differences between FRM samplers were less than 10 and 20%
for 70 and 92% of the pairwise comparisons, respectively. The
TEOM, operating at 50◦C in this study, measured less than the
other samplers, consistent with other comparisons in nitrate-rich
atmospheres. PM2.5 mass measured continuously with the BAM
was highly correlated with filter-based PM2.5 although the abso-
lute bias was greater than 20% in 45% of the cases. Light scatter-
ing (Bsp) was also highly correlated with filter-based PM2.5 at most
sites, with mass scattering efficiencies varying by 10 and 20% for Bsp

measured with Radiance Research nephelometers with and with-
out PM2.5 size-selective inlets, respectively. Collocating continuous
monitors with filter samplers was shown to be useful for evaluating
short-term variability and identifying outliers in the filter-based
measurements. Comparability among different PM samplers used
in CRPAQS is sufficient to evaluate spatial gradients larger than
about 15% when the data are pooled together for spatial and tem-
poral analysis and comparison with models.

INTRODUCTION
Particulate Federal Reference Methods (FRMs) are intended

to determine compliance with U.S. National Ambient Air
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Quality Standards (NAAQS) for PM10 (U.S. EPA 1987) and
PM2.5 (U.S. EPA 1997a). U.S. Environmental Protection Agency
(U.S. EPA) NAAQS for PM10 are 50 and 150 µg/m3 for an-
nual arithmetic and 24-h average concentrations, respectively.
Twenty-four hour PM10 concentrations are rounded to the near-
est 10 µg/m3 to determine compliance. The annual arithmetic
average NAAQS for PM2.5 is 15 µg/m3 averaged over three years
and rounded to the nearest 1 µg/m3. U.S. EPA (1997a) provides
for spatial averages of neighborhood-scale or urban-scale mon-
itors (Chow et al. 2002). The 24-h average NAAQS is 65 µg/m3

evaluated from the three-year average of the 98th percentile of
24-h concentrations, with rounding to the nearest 1 µg/m3. The
State of California annual standards for PM2.5 and PM10 are 12
and 20 µg/m3, respectively, and a 24-h average PM10 standard
of 50 µg/m3 (California Air Resources Board 2002).

FRM sampler characteristics and operating procedures for
PM2.5 and PM10 compliance monitoring are highly specified
(U.S. EPA 1997b) to assure uniformity among mass measure-
ments across the entire United States. However, these specifica-
tions are not compatible with the need to understand the causes
of elevated PM2.5 and PM10. Such understanding often requires
the use of non-FRM methods with various size-selective inlets,
sampler materials, filter media, and filter handling procedures
to accommodate different time scales (other than 24 hours) and
chemical analyses (Chow 1995). FRMs and Federal Equiva-
lent Methods (FEMs) sometimes underestimate PM2.5 and PM10

mass owing to volatilization of ammonium nitrate (NH4NO3;
Chow et al. 2005) and organic carbon (Pang et al. 2002; Chow
et al. 2006), and sometimes overestimate these quantities ow-
ing to differences in inlet sampling effectiveness (Watson et al.
1993; Wedding and Carney 1983), adsorption of gases by the
filter media (Keck and Wittmaack 2005), and differences in filter
processing environments (Hanninen et al. 2002). Studies using
FRMs and more-versatile PM samplers to describe PM2.5 and
PM10 spatial and temporal variations must establish comparabil-
ity among those samplers. The purpose of this analysis is to eval-
uate that comparability for the California Regional PM10/PM2.5

Air Quality Study (CRPAQS), a major effort to understand the
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TABLE 1
Summary of PM2.5 and PM10 sampling locations during the California Regional PM10/PM2.5 Air Quality Study (CRPAQS)

Station Code Address Network code Latitude (north) Longitude (west) Elev. (m)g

Angiola ANGIa 36078 4th Ave. CRPAQSc 35◦ 56′ 53′′ 119◦ 32′ 16′′ 60
Bakersfield BACa 5558 California Ave. CRPAQS/ARBd 35◦ 21′ 24′′ 119◦ 3′ 45′′ 119
Bethel Island BTIa 5551 Bethel Island Rd. CRPAQS/BAQe 38◦0′23′′ 121◦ 38′ 31′′ 2
Fresno Supersite FSFa 3425 N 1st St. CRPAQS/ARB 36◦ 46′ 54′′ 119◦ 46′ 24′′ 97
Sierra Nevada Foothills SNFHa 31955 Auberry Rd. CRPAQS 37◦ 3′ 45′′ 119◦ 29′ 46′′ 589
Corcoran COPb 1520 Patterson Ave. SJV f 36◦ 6′ 8′′ 119◦ 33′ 57′′ 63
Livermore LVRlb 793 Rincon St. CRPAQS 37◦ 41′ 15′′ 121◦ 47′ 3′′ 138
Modesto M14b 814 14th St. ARB 37◦ 38′ 31′′ 120◦ 59′ 40′′ 28
Sacramento S13b 1309 T St. ARB 38◦ 34′ 6′′ 121◦ 29′ 36′′ 6
San Jose SJ4b 120 N. 4th St. CRPAQS/BAQ 37◦ 20′ 23′′ 121◦ 53′ 19′′ 26
Stockton SOHb 1601 E. Hazelton Rd. ARB 37◦57′1′′ 121◦ 16′ 8′′ 8
Visalia VCSb 310 N Church St. ARB 36◦ 19′ 57′′ 119◦ 17′ 28′′ 102

aAnchor sites.
bSelected satellite sites.
cAs part of the California Regional PM10/PM2.5 Air Quality Study.
d Operated by the California Air Resources Board.
eOperated by the Bay Area Air Quality Management District.
f Operated by the San Joaquin Valley Air Quality Management District.
gMeters above mean sea level (MSL).

NAAQS exceedances in California’s San Joaquin Valley (SJV,
Watson et al. 1998). This evaluation is necessary because PM2.5

and PM10 from several different samplers are being used to ver-
ify chemical mass closure, determine spatial gradients, estimate
source contributions, refine conceptual models, and evaluate the
performance of source-oriented air quality models.

The 14-month-long CRPAQS was conducted in central
California from December 2, 1999 through February 3, 2001 to
determine the causes of elevated levels of PM2.5 and PM10 and to
evaluate the means of reducing them with respect to federal and
state air quality regulations. The Fresno Supersite (Watson et al.
2000), which operated concurrently with the CRPAQS, offered
an opportunity to compare many of the CRPAQS sampling sys-
tems with FRMs. Measurements from these instruments were
further supplemented with those of monitors at other state and
local air monitoring stations in central California.

Previous studies comparing PM2.5 and PM10 mass concen-
trations from FRM samplers and other integrated filter-based
and continuous monitors (Tropp et al. 1998; Chang et al. 2001;
Chung et al. 2001; Peters et al. 2001; Poor et al. 2002; Watson and
Chow 2002; Motallebi et al. 2003; Solomon et al. 2003; Charron
et al. 2004; Lee et al. 2005), show that monitors are comparable
when the particles are small (mostly <2.5 µm) and the aerosol
is chemically stable (e.g., dominated by ammonium sulfate).
Poorer comparability is found when the aerosol is volatile (e.g.,
dominated by NH4NO3) and when particles with diameters sim-
ilar to the sampling inlet cut-point are abundant (e.g., fugitive
dust). SJV aerosol presents a challenging test because it is high
in nitrate (NO−

3 ) during the fall and winter, and often experiences
fugitive dust components during non-winter months.

METHODS
Aerosol sampling for the CRPAQS and at the Fresno Su-

persite (FSF) was conducted for an annual campaign and for
fall and winter intensive operating periods (IOPs) at five anchor
sites: two urban-scale sites at FSF and Bakersfield (BAC), two
regional-scale inter-basin boundary sites at Bethel Island (BTI)
and Sierra Nevada Foothills (SNFH), and one regional-scale
intra-basin site at Angiola (ANGI). Desert Research Institute
(DRI, Reno, NV) sequential filter samplers (SFS) were operated
at all five locations. The annual sampling campaign included
24-h (midnight-to-midnight) samples collected on the U.S. EPA
every-sixth-day schedule starting on 12/2/99 at FSF, BAC, and
ANGI, and on 12/2/00 at BTI and SNFH, ending on 2/3/01.
The fall IOP included daily 24-h samples collected at FSF and
ANGI on the following 17 days: 10/14/00, 10/16/00 to 10/20/00,
10/22/00 to 10/24/00, and 11/2/00 to 11/9/00. The winter IOP
included samples collected five times per day (0000–0005,
0005–1000, 1000–1300, 1300–1600, and 1600–2400 Pacific
Standard Time [PST]) at five anchor sites on the following
15 days: 12/15/00 to 12/18/00, 12/26/00 to 12/28/00, 1/4/01
to 1/7/01, and 1/31/01 to 2/3/01. Size-segregated Micro-Orifice
Uniform Deposit Impactor (MOUDI) samples were collected
during the winter IOP at FSF and ANGI. PM2.5 MOUDI con-
centrations were estimated from the sum of the masses on stages
below (smaller than) the 2.5 µm stage, including 2.5 µm and
after-filter stages.

For the annual sampling campaign, portable battery-powered
PM2.5 and PM10 MiniVol samplers (Airmetrics, Eugene, OR)
operated on the U.S. EPA every-sixth-day schedule at 35
PM2.5 sites between 12/2/99 and 2/3/01. During the fall IOP,
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TABLE 2
Description of PM2.5 and PM10 samplers∗

Sampler code Model Manufacturera Size FRMb FEMc
Measurement

principle

AN100 RAAS 100 Andersen PM2.5 Yes — Gravimetric
AN300 RAAS300 Andersen PM2.5 Yes — Gravimetric
RP2K R&P 2000 Rupprecht & Patashnick PM2.5 Yes — Gravimetric
RP225 R&P 2025 Rupprecht & Patashnick PM2.5 Yes — Gravimetric
AN400 RAAS 400 Andersen PM2.5 No No Gravimetric
M1ST SASS speciation sampler Met One PM2.5 No No Gravimetric
DICHOTF SA-246B Andersen PM2.5 No No Gravimetric
SFS Sequential filter sampler DRI PM2.5 No No Gravimetric
MINIVOL25 MiniVol Portable Airmetrics PM2.5 No No Gravimetric
MOUDI Model 100 MSP PM2.5 No No Gravimetric
BAM25 BAM 1020 Met One PM2.5 No No Beta Attenuation
TEOM25 TEOM 1400a Rupprecht & Patashnick PM2.5 No No Inertial Mass
DUSTTRAK DustTrak 8520 TSI PM2.5 No No Light Scattering
GREENTEK GT640A GreenTek PM2.5 No No Light Scattering
RAD25 M903 (nephelometer) Radiance Research PM2.5 — — Light Scattering
RAD M903 (nephelometer) Radiance Research TSP — — Light Scattering
HIVOLlOV GMW-1200 Andersen PM10 Yes — Gravimetric
MINIVOL10 MiniVol Portable Airmetrics PM10 No No Gravimetric
BAM10 BAM 1020 Met One PM10 No Yes Beta Attenuation
TEOM10 TEOM 1400a Rupprecht & Patashnick PM10 No Yes Inertial Mass

aAndersen Instruments (Thermo Electron, Waltham, MA); Rupprecht & Patashnick (now Thermo Electron, Albany, NY); Met One Instruments
(Grants Pass, OR); Desert Research Institute (DRI, Reno, NV); Airmetrics (Eugene, OR); MSP Corporation (Minneapolis, MN); TSI, Inc.
(Shoreview, MN); GreenTek (Atlanta, GA); Radiance Research (Seattle, WA).

bFederal Reference Method (U.S. EPA 1997).
cFederal Equivalent Method (Code of Federal Regulations 1988).
∗Data available at http://www.arb.gov/airways/and http://www.arb.ca.gov/aqd/aqdcddld.htm

PM10 MiniVols sampled daily at 11 sites between 10/9/00 and
11/14/00. During the winter IOP, PM2.5 MiniVol samples were
collected daily at 25 sites from 12/15/00 to 12/18/00, 12/25/00,
12/27/00, 12/28/00, 1/4/01 to 1/6/01, and 2/1/01 to 2/3/01. These
inexpensive sampling platforms require no formal infrastructure
and allowed for a much larger spatial deployment than would
have been possible using fixed-site samplers.

The five anchor sites and seven satellite sites—Corcoran
(COP), Livermore (LVR1), Modesto (M14), Sacramento (S13),
San Jose (SJ4), Stockton (SOH), and Visalia (VCS)—were used
in the comparisons reported in this paper, shown in Figure 1, and
described in Table 1. This data set contains: 24-h average and
sub-daily, filter-based PM2.5 and PM10 concentrations; hourly
mass measurements by beta attenuation monitor (BAM) (Met
One Instruments, Grants Pass, OR) and tapered element oscillat-
ing microbalance (TEOM) (Rupprecht and Patashnick, Albany,
NY); hourly mass measurements by photometers that convert
forward light scattering to mass with internal scattering effi-
ciency (DustTrak, Atlanta, GA; TSI, Inc., Shoreview, MN; and
GreenTek, Atlanta, GA); and 5-minute particle light scattering
(Bsp) measurements by one nephelometer with no inlet (i.e., total

suspended particles [TSP]) and one with a PM2.5 inlet (Radiance
Research, Seattle, WA). The Radiance Research M903 neph-
elometer is equipped with a smart heater in which the airstream
is heated when relative humidity (RH) exceeds ∼65% to min-
imize the enhancement of Bsp by hygroscopic growth; thus, it
provides an approximate measure of dry Bsp. Chow et al. (2001)
described the relationship between Bsp and PM2.5 at sites in the
western U.S. and Mexico.

The 20 samplers used for the comparison are listed by their
code names in Table 2. For continuous monitors, only averages
representing at least 18 hours (75%) per day were considered.
Samplers were compared in pairwise (Y versus X) fashion.
The “X” variable represents a benchmark, selected as an FRM
when available, and the “Y” variable represents the comparison
sampler.

Comparability was evaluated by using the following metrics
(Watson and Chow 2002): (1) Ordinary least-squares (un-
weighted) regression (OL) of Y on X, resulting in a slope, inter-
cept, and squared correlation (R2). FRM comparability specifi-
cations for slope, intercept, and R2 are 1 ± 0.1, 0 ± 5 µg/m3 and
0.94, respectively, for PM10 samplers and 1 ± 0.05, 0 ± 1 µg/m3
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FIG. 1. Locations of the subset of CRPAQS anchor and satellite sites for PM2.5 and PM10 comparisons (see site codes in Table 1).

and 0.94, respectively, for PM2.5 samplers (U.S. EPA 1997b);
(2) Average ratio and standard deviation of Y/X; (3) Distribution
of Y − X with respect to its measurement uncertainty (σY−X);
(4) Average difference between Y and X (Y − X); (5) Standard
deviation of Y − X; (6) Measurement uncertainty of Y − X,
also known as the root-mean square error (RMSE), defined as:

RMSE =
[

1

N

N∑
i=1

(Y − X)2

]1/2

[1]

(7) A paired-difference T-test to evaluate the difference between
Y and X. T is Y − X divided by its standard error (standard
deviation of Y − X divided by the square root of the number of
pairs). For sample sizes (N) > 30, |T| > 1.96 and significance
probability (P) <0.05 implies that the difference between Y and
X is significant; and (8) the average error (AE), between Y and
X, expressed as a percentage, defined as:

AE = 100
1

N

N∑
i=1

Yi − Xi

Xi
[2]

where i refers to the ith data pair and N is the number of pairs.
This defines the average difference of Y with respect to X.

While it is instructive to compare Y − X with its mea-
surement uncertainty, such uncertainties are available only for
SFS, PM2.5 and PM10 MiniVol (MINIVOL25 and MINIVOL10),
and PM2.5 MOUDI measurements at the CRPAQS sites, and
for PM2.5 Andersen RAAS 100 (AN100) and RAAS 400
(AN400) measurements at the Fresno Supersite. The uncer-
tainty (σC) of an individual filter-based mass concentration (C)
is calculated from: (1) the uncertainty (σV) of the sample vol-
ume, based on flow rate performance tests; (2) replicate pre-
cision (σF) of the non-blank-corrected gravimetric mass (F);
and (3) the uncertainty (σB) of the dynamic field blank (B),
which is the larger of the standard deviation of the individual
blank values or their root-mean-squared analytical uncertainty
as:

σC = [
σ 2

V(F − B)2/V4 + (
σ 2

F + σ 2
B

)
/V2

]1/2
[3]

In cases where uncertainties were available for only one sam-
pler, it was assumed that the concentrations for the other sam-
pler had the same uncertainties. The measurement uncertainty
of Yi − Xi (i.e., σYi−Xi) is the square root of σ 2

Yi + σ 2
Xi, where

σYi and σXi are the measurement uncertainties of Yi and Xi,
respectively.
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FIG. 2. Comparison of (a) two collocated Andersen RAAS 300 (AN300)
and (b) two collocated R&P 2000 (RP2K) PM2.5 FRM samplers at the Fresno
Supersite, CA.

RESULTS AND DISCUSSION

Fresno Supersite
Table 3 compares results for the 20 samplers collocated at

the Fresno Supersite (FSF). The start and end dates for several
samplers extend beyond the CRPAQS period. The first six entries
in Table 3 compare PM2.5 FRM samplers. In each case, the R2

was 0.98 or 0.99. There were two Andersen RAAS 300 (AN300)
and two R&P 2000 (RP2K) samplers at this site during different
time periods. Figure 2 shows the collocated comparisons for
each model. The average paired differences were −0.38 and
−1.86 µg/m3 (Table 3) for the AN300 and RP2K, respectively.
While there may have been a larger paired difference (AE) for
RP2K 2 compared to RP2K 1, the AE was less than 10%.

The AN100 served as the benchmark (X) for most of the
PM2.5 comparisons in Table 3. The R2 for the comparison

FIG. 3. Comparison of Andersen RAAS 100 (AN100) and Met One PM2.5

BAM (BAM25) samplers at the Fresno Supersite, CA.

of this sampler with the two RP2K, two AN300, SFS, and
Met One SASS (M1ST) samplers was 0.98 or 0.99. Except
for the SFS, the respective differences (Y − X), on aver-
age, were less than twice their measurement uncertainties for
most data pairs. For most of these comparisons, the AE was
less than 10%. The AE was not consistently higher for PM2.5

FRM concentrations less than 25 µg/m3. Note that except
for the SFS, the average differences (Y − X) between the
AN100 and the other PM2.5 filter samplers were less than the
average difference between the two collocated RP2K FRM
samplers.

Four continuous PM2.5 mass monitors were operated at FSF:
a Met One BAM, R&P TEOM, TSI DustTrak, and GreenTek
photometer. Figure 3 compares the AN100 with 24-h averaged
PM2.5 (BAM25). While the slope of 0.95, intercept of 4.4 µg/m3,
R2 of 0.96, and Y − X of 3.3 µg/m3 are reasonable, most of the
disagreement occurs for PM2.5 less than 25 µg/m3, for which
the AE was 37% (N = 158). For PM2.5 above 25 µg/m3, the AE
was only 4.1% (N = 48).

Table 3 indicates poor agreement between the AN100 and
the TEOM, DustTrak, and GreenTek. While the R2 was reason-
able for the DustTrak (R2 = 0.84) and GreenTek (R2 = 0.91),
this was not the case for the TEOM25 (R2 = 0.55). Since
both DustTrak and GreenTek mass appear to be overestimated,
the assumed scattering efficiencies in both cases must be too
low. The TEOM25 values were lower (Y − X = −9.62 µg/m3)
than AN100 FRM. The air-sampling stream in the TEOM was
heated to 50◦C to minimize temperature-related changes in the
tapered element. This heating evaporates volatile compounds
such as NH4NO3, which constitutes a large fraction of PM2.5

mass in the SJV, especially in winter when colder temperatures
shift the ammonia (NH3)-nitric acid (HNO3)-NH4NO3 equilib-
rium to the particle phase (Chow et al. 1993, 2005). Some of the
volatile organic compounds (VOCs) may also be removed by
heating. Chung et al. (2001) and Charron et al. (2004) reported
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FIG. 4. Seasonal comparisons between Andersen PM2.5 RAAS 100 (AN100) FRM sampler and collocated: (a) DRI sequential filter samplers (SFS); (b) Andersen
PM2.5 dichotomous (DICHOTF); and (c) PM2.5 TEOM at the Fresno Supersite, CA (Summer = June–August; Winter = December–February).

similar comparisons of TEOM with AN300 and R&P 2025
(RP225) FRM samplers, respectively.

Table 3 also shows negative Y − X and AE for the SFS
and dichotomous (DICHOTF) samplers, which might be ex-
plained by evaporative loss of NH4NO3 in each sampler during
the colder months. Figure 4 shows comparisons between the
SFS, DICHOTF, and TEOM25 samplers and the AN100 for
summer (June–August) and winter (December–February) sam-
ples. In each case, Y − X and AE are more negative during
the winter season. Heating in the TEOM resulted in a nega-
tive difference (Y − X) of about 22 µg/m3 between summer
and winter (Figure 4) (see Hering and Cass 1999). The cor-
responding seasonal differences in Y − X for the SFS and
DICHOTF samplers were ∼8 µg/m3 for both. The SFS was
equipped with an anodized aluminum denuder that removes the
gaseous HNO3 upstream of the filter. This shifts the equilib-
rium to the gas phase and enhances evaporation of NH4NO3

from the Teflon-membrane filter on which mass is measured.
While there was relatively more evaporation during summer,
the impact on PM2.5 was most severe during winter. NH4NO3

evaporation may explain why the DICHOTF sampler concen-
trations were lower relative to the AN100 during winter than
summer; although, it is not clear why the DICHOTF sampler

inlet would remove HNO3 more effectively than the AN100
inlet. The SFS sampler collects volatilized NO−

3 on sodium
chloride-impregnated cellulose-fiber filters behind quartz-fiber
filters. If the NH4NO3 equivalent (i.e., 1.29 times volatilized
NO−

3 from the backup filter) is added to the SFS mass mea-
sured on a Teflon-membrane filter, the average difference be-
tween SFS and AN100 changes from −3.04 (Table 3) to
−0.46 µg/m3.

The Andersen GMW-1200 PM10 FRM sampler (HIVOL10V)
at FSF was compared with collocated BAM10 and TEOM10
samplers, both of which are designated as FEMs (Code
of Federal Regulations 1988). Table 3 shows that the
BAM10-HIVOL10V (R2 = 0.95) and TEOM10-HIVOL10V
(R2 = 0.65) comparisons are similar to the corresponding
PM2.5 comparisons. The BAM10 read higher PM10 than the
HIVOL10V FRM; the AE was 21% for PM10 FRM concen-
trations <25 µg/m3 as compared to 11% for PM10 FRM con-
centrations ≥25 µg/m3. Chang et al. (2001) attribute higher
BAM measurements relative to integrated filter samplers to wa-
ter absorption by hygroscopic species. The TEOM10 compari-
son is also analogous to the PM2.5 case. While the overall AE
was −28%, it was higher in winter (−43%) than in summer
(13.4%).
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FIG. 5. Comparison of two collocated PM2.5 (a) Andersen RAAS 300 (AN300) FRM; (b) R&P 2025 (RP225) FRM; and (c) Met One Speciation (M1ST)
samplers at Bakersfield, CA.

Fresno was the only CRPAQS site with a Radiance Research
M903 nephelometer preceded by a PM2.5 size-selective inlet
(RAD25). A Radiance Research nephelometer (RAD) for mea-
suring TSP Bsp (i.e., total Bsp) was also located there. Table 3
gives comparison statistics for PM2.5 measured with the AN100
and SFS samplers and the RAD25 and RAD nephelometers. The
slope of the regression and the average ratio of Y/X are two es-
timates of the mass scattering efficiency (m2/g). While particles
larger than 2.5 µm contribute to total Bsp (RAD), the signal was
dominated by fine particles because they scatter light more effi-
ciently than larger ones. For example, average RAD25 and RAD
at FSF were 89 and 95 Mm−1, respectively. Based on the slopes,
the average mass scattering efficiencies for RAD25 and RAD
were 4.1 and 4.5 m2/g, respectively. Based on the average ratios
of Y/X, the corresponding average mass scattering efficiencies
for RAD25 and RAD were 3.3 and 3.7 m2/g, respectively.

CRPAQS Anchor Sites
Comparison statistics for the remaining CRPAQS anchor sites

are presented in Table 4. Paired PM2.5 AN300 FRM, RP225
FRM, and M1ST samplers were used at BAC over different
time periods. Comparisons for collocated samples taken at the
same time are shown in Figure 5. The AN300 pairs and RP225
pairs agreed closely with slopes ≥0.97, intercepts <1 µg/m3,
R2 = 0.99, Y/X between 0.98 and 1.01, |Y − X| <0.5 µg/m3,
and |AE| ∼2%. However, according to the paired difference

T-test, the two AN300 samplers were significantly different,
while the two RP225 samplers were not. This is due to the small
sample size (N = 13) for the RP225 comparison. The smaller
the number of observations, the more difficult it is to detect dif-
ferences in parametric statistical tests. The M1ST comparison
was influenced by three obvious outliers (Figure 5). Remov-
ing these samples increased the slope and R2 to 0.97 and 0.99,
respectively, and decreased the intercept to 0.16 µg/m3.

As at FSF, PM2.5 DICHOTF sampler concentrations were
consistently lower than the corresponding AN300. The com-
parison between the AN300 and SFS sampler also showed a
slope less than 1 and a Y − X of −1.87 µg/m3. However, in
this case, the average ratio (Y/X) was larger than 1 (1.13) with
positive AE (12.8%). Figure 6, which displays the SFS ver-
sus AN300 comparison, shows five consecutive samples from
4/12/00 to 5/6/00 where the SFS concentrations were all higher
than those of the AN300. The corresponding BAM25 concentra-
tions agreed much more closely with the AN300. Higher-than-
expected SFS concentrations suggest a sample volume error that
may have been related to power interruptions. If these five data
points are excluded, the slope (0.86), intercept (0.94 µg/m3),
R2 (0.98), average ratio (Y/X = 0.93), Y − X (−3.74 µg/m3),
and AE (−6.8%) are more in line with the corresponding com-
parison of the SFS versus AN100 at FSF (Table 3). It is worth
noting that the five SFS outliers are also found in a comparison
between SFS and RAD.
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FIG. 6. Comparison of Andersen PM2.5 RAAS 300 (AN300) and DRI se-
quential filter samplers (SFS) at Bakersfield, CA.

Based on the average difference (Y − X), the BAM25 was
lower than the AN300 FRM at BAC, but higher than the AN100
FRM at FSF (Table 3). The FSF time series was considerably
longer and there could be differences in the BAM calibrations
between the two sites. BAM10 concentrations were higher than
the PM10 FRM (HIVOL10V) concentrations at BAC, as was
the case at FSF, evidenced by large positive regression inter-
cepts (8.1 µg/m3) and Y − X (11.9 µg/m3). These results are
also consistent with those reported by Chang et al. (2001). The
TEOM10 yielded lower concentrations than the HIVOL10V, al-
though Y − X was smaller (−3.7 µg/m3) at BAC than it was at
FSF (−11.5 µg/m3, Table 3). The mass scattering efficiencies
(RAD versus AN300 and SFS) at BAC were 10–23% higher
than those at FSF.

Since the number of samplers was limited at the BTI, SNFH,
and ANGI CRPAQS anchor sites, the SFS sampler was used as
the reference (X). The MINIVOL25 samplers measured lower
PM2.5 than the SFS at BTI and SNFH, although the average
difference was within measurement uncertainty at both sites.
The R2 was 0.98 at BTI and 0.97 at SNFH. The comparison
between the SFS and MOUDI and SFS at ANGI was better
than at FSF. The Y − X and R2 were −1.8 µg/m3 and 0.90,
respectively, at ANGI, and 12.5 µg/m3 and 0.68, respectively, at
FSF.

Table 5 summarizes comparisons between RAD and SFS as
mass scattering efficiencies estimated from the slope of Y on X
and the average ratio of Y/X. The mass scattering efficiencies
at the five sites were similar. For all sites, the average slope
(5.7 ± 0.5 m2/g) was similar to the average ratio of Y/X (5.3 ±
0.4 m2/g).

CRPAQS Satellite Sites
PM2.5 FRM (AN300) samplers were located at all satellite

sites, except Modesto (M14), and PM10 FRM (HIVOL10V)
samplers were at all sites, except for Visalia (VCS). Pair-wise

TABLE 5
Relationship between PM2.5 DRI sequential filter sampler
(SFS) mass and Radiance Research open-air nephelometer

(RAD) light scattering (Bsp) at the five CRPAQS anchor sites

Mass scattering
efficiency (m2/g)

Site Slopea Bsp/PM2.5

Bethel Island (BTI) 6.0 5.9
Sierra Nevada Foothills (SNFH) 5.9 5.2
Fresno (FSF) 5.5 5.3
Bakersfield (BAC) 6.1 4.8
Angiola (ANG1) 4.9 5.2
Averages ±Std. Dev. 5.7 ± 0.5 5.3 ± 0.4

aSlope of Bsp on PM2.5 (Table 4).

comparisons are shown in Table 6. At COP, R2 was ≥0.97
for the DICHOTF, MINIVOL25, and MINIVOL10 compar-
isons. The Y − X was less than its uncertainty for both PM2.5

and PM10 MiniVols. The AEs were larger than 10%, except
for the MINIVOL10. At LVR1, R2 was ≥0.96, including the
TEOM10 versus HIVOL10V comparison. Similar comparabil-
ity was found at SJ4 (R2 = 0.96). TEOM comparisons at FSF
(Table 3) and BAC (Table 4) were more variable.

The TEOM10 values were lower than filter measurements at
LVR1 and SJ4, as well as at M14 and S13, where the R2 was
much lower, 0.73 and 0.78, respectively. The DICHOTF agreed
well with the AN300 at SJ4 and SOH, with R2 equal to 0.99
in both cases, and Y/X equal to 0.92 and 0.97, respectively.
At VCS, the DICHOTF measured concentrations lower than the
AN300 (Y/X = 0.83), although the R2 was 0.99. The difference
between the MINIVOL25 and AN300 (Y − X) was less than
twice its uncertainty in the majority of cases at all sites.

The PM2.5 AN300 FRM and RAD samplers were deployed
at five of the seven CRPAQS satellite sites. Mass scattering
efficiencies estimated from the slopes of Y on X and the av-
erage ratios of Y/X at the satellite sites are presented in Table 7.
The average and standard deviation of the slope and ratio are
4.6 ± 0.8 and 4.4 ± 0.8 m2/g, respectively. These efficiencies
are consistently lower than those of 5.7 ± 0.5 and 5.3 ± 0.4 m2/g,
respectively, derived from the SFS sampler (Table 5). This dif-
ference arises because the PM2.5 mass measured with the SFS
was consistently 2 to 3 µg/m3 lower than that measured by the
Andersen FRM samplers (Tables 3 and 4).

Comparison Summary
To generalize the comparability measures from different sam-

plers and locations, the results in Tables 3, 4, and 6 are reorga-
nized to reflect only those comparisons where the X sampler
was either a PM2.5 FRM (AN100 or AN300) or a PM10 FRM
(HIVOL10V). The results, sorted and averaged by the Y sampler
(AN300, BAM10, BAM25, DICHOTF, M1ST, MINIVOL25,
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TABLE 7
Relationship between Andersen RAAS 300 (AN300) PM2.5

FRM sampler mass and Radiance Research open nephelometer
light scattering (Bsp) at five CRPAQS satellite sites

Mass scattering efficiency (m2/g)

Bsp/PM2.5

Site Slopea (Y/X) (Avg. ratio of Y/X)

Corcoran (COP) 5.1 5.6
Livermore (LVR1) 4.1 4.1
San Jose (SJ4) 3.4 3.5
Stockton (SOH) 5.2 4.3
Visalia (VCS) 5.0 4.7
Average ± Std. Dev. 4.6 ± 0.8 4.4 ± 0.8

aSlope of Bsp on PM2.5 (Table 6).

SFS, and TEOM10), are presented in Table 8. The statistics
are limited to the regression slope, intercept, R2, Y/X, Y − X,
and AE. Also presented is the distribution of |AE| (absolute
difference) as the percentages of paired observations exhibiting
an |AE| less than 10%, 10–20%, 20–30%, and greater than 30%.

Although least squares regression statistics are widely used
to describe sampler comparisons, they might not be reliable,
because: (1) they don’t generally account for errors in the Y
and X variables, and (2) they don’t meet the statistical require-
ments for a normal distribution and uncorrelated random errors
(Watson et al. 1984). Unless there is a true calibration offset,
it is difficult to see why there should be significant intercepts
in these comparisons. On the other hand, a high R2 implies
that while two samplers may not be equivalent, the relation-
ship may be functionally predictive (i.e., one sampler’s measure-
ment can be estimated from the other, or used as a surrogate for
the other).

Table 8 demonstrates a general consistency in the compari-
son statistics. The best comparison was between the Andersen
PM2.5 FRM samplers, with an average slope of 0.96, intercept
of 1.01 µg/m3, R2 of 0.99, Y/X of 1.04, Y − X of 0.06 µg/m3,
and AE of 3.6%. The absolute difference |AE| was less than
10% in 70% of the paired comparisons. The DICHOTF con-
centration was lower (−2 µg/m3) with respect to the FRM, as
reported by Motallebi et al. (2003), but the AE was −7.4%.
However, the corresponding |AE| was less than 20% in 75% of
the comparisons. The SFS was the only non-FRM sampler with
Y/X = 0.95, Y − X = −3.4 µg/m3, and an |AE| of less than
5%. However, the |AE| was <10% for 37% of the comparisons
and 10–20% for 30% of the comparisons. The MINIVOL25
concentration was lower than the benchmark, with Y/X = 0.76
and AE = −24%. The average difference of −3.2 µg/m3 was
comparable to its uncertainty of 3.1 µg/m3 (estimated from the
reported MINIVOL25 uncertainties, as described in the Meth-
ods section). However, |AE| was greater than 20% for 70% of
the comparisons. The M1ST concentration was larger than the

benchmark (Y − X = 1.5 µg/m3, AE = 15.2%). The |AE| was
less than 20% for 70% of the comparisons.

The BAM25 results are consistently higher than the bench-
mark, except for samples acquired at BAC where values were
lower. There were no obvious outliers in the BAC data, and the
R2 was 0.98. The percentages of samples with a ratio (Y/X)
greater than one were 76, 16, 67, and 54 at FSF, BAC, COP, and
SJ4, respectively. This suggests a calibration difference in the
BAC BAM25 with respect to those at the other sites. Excluding
five outliers at BAC (Figure 6), the R2 for the SFS versus FRM
comparison was 0.98. The average difference was −3.4 µg/m3

and the average AE was only −4.6%. While there were clearly
systematic differences in the BAM25 versus FRM comparisons,
the two measures were highly correlated. The BAM25 is thus an
effective surrogate for FRM mass where the goal is to examine
temporal diurnal variability in PM2.5 mass. In addition, a BAM25
collocated with an FRM sampler provides a means of identifying
outliers.

The poorest comparison was for the BAM10, which dis-
played values much higher than the benchmark (Y/X = 1.26,
Y − X = 11.8 µg/m3, AE = 26%), consistent with the obser-
vations of Chang et al. (2001). The TEOM10 showed a large
average negative difference (−6.1 µg/m3), the largest deviation
from a unity slope (0.69), and a high negative AE (−15.5%).

Sampling artifacts associated with organic carbon may in-
fluence sampler comparisons (McDow and Huntzicker 1990;
Watson and Chow 2002; El-Zanan et al. 2005; Chow et al.
2006). A positive artifact results from the absorption of VOCs by
quartz-fiber filters. This could influence the BAM25, BAM10,
and HILVOL10 samplers, which employ quartz-fiber filters. A
negative artifact may result from volatilization of VOCs from
particles on Teflon or Teflon-coated filters. This could affect the
FRM, DICHOTF, M1ST, MINIVOL, and SFS samplers. It is
not possible to draw firm conclusions about the effect of organic
carbon sampling artifacts on these comparisons.

Measurement Uncertainties
Tables 3, 4, and 6 show that average differences (Y − X)

between filter samplers were on the order of their measure-
ment uncertainties (when these were available). The average
measurement uncertainties for the Fresno FRM and CRPAQS
SFS samplers were 6.3 and 7.5%, respectively. For MINIVOL25
samplers, the average measurement uncertainties were 8.2% for
PM2.5 >10 µg/m3, 23% for PM2.5 between 5 and 10 µg/m3, and
54% for PM2.5 between 1 and 5 µg/m3.

Table 8 shows that the average difference between SFS and
FRM samplers (−4.65%) was smaller than measurement un-
certainties. Based on the uncertainties, a concentration gradient
between FRM and SFS samplers of at least 15% should be seen.
While this is also true for MINIVOL25 samplers for concentra-
tions >10 µg/m3, it would be less accurate for lower concen-
trations, which would not be of great interest in the SJV. On the
other hand, the difference between attainment and exceedance
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TABLE 8
Summary of PM2.5 and PM10 mass comparison

Distribution of |AE|
Samplera Percent of samplesb

Sitea Y X
Regression

slope Intercept
Correlation

(R2)b

Average
ratio of

Y/X

Average
difference
(Y − X) AE(%)c <10% 10–20% 20–30% >30%

Number
of pairs

FSF AN300 1 AN100 0.98 1.47 0.98 1.10 1.06 10.13 48 35 12 5 106
FSF AN300 2 AN300 1 0.95 0.64 0.98 0.99 −0.38 −0.99 81 14 2 3 151
FSF AN300 2 AN100 0.92 1.63 0.99 1.04 0.02 3.93 64 27 8 1 148
BAC AN300 2 AN300 1 0.97 0.30 0.99 1.01 −0.45 1.33 85 11 3 2 265

Average 0.96 1.01 0.99 1.04 0.06 3.60 70 22 6 3
FSF BAM10 HIVOL10V 1.05 4.76 0.95 1.18 7.02 18.18 33 23 29 15 105
BAC BAM10 HIVOL10V 1.08 8.05 0.96 1.29 11.85 28.60 11 22 38 30 120
COP BAM10 HIVOL10V 1.25 3.25 0.93 1.31 16.39 31.32 0 40 30 30 10

Average 1.13 5.35 0.95 1.26 11.75 26.03 15 28 32 25
FSF BAM25 AN100 0.95 4.40 0.96 1.30 3.34 29.52 25 19 16 40 206
BAC BAM25 AN300 1 0.97 −2.25 0.98 0.79 −2.94 −21.23 29 24 15 32 333
COP BAM25 AN300 1 0.92 3.08 0.92 1.19 1.44 19.10 40 20 27 13 15
SJ4 BAM25 AN300 1 0.94 2.63 0.91 1.17 1.15 16.57 43 21 9 28 127

Average 0.95 1.97 0.94 1.11 0.75 10.99 34 21 17 28
FSF DICHOTF 1 AN100 0.81 2.71 0.91 0.97 −1.75 −3.13 70 25 4 1 114
BAC DICHOTF 1 AN300 1 0.87 0.15 0.97 0.87 −2.99 −13.33 39 37 17 7 197
COP DICHOTF 1 AN300 1 0.88 −0.73 0.98 0.82 −2.50 −17.56 9 54 26 11 35
S13 DICHOTF 1 AN300 1 0.89 2.16 0.90 1.10 0.46 10.10 48 34 11 8 103
SJ4 DICHOTF 1 AN300 1 0.88 0.24 0.99 0.92 −1.50 −7.89 38 46 10 6 48
SOH DICHOTF 1 AN300 1 0.95 0.20 0.99 0.97 −0.65 −2.87 73 24 3 1 106
VCS DICHOTF 1 AN300 1 0.79 0.69 0.99 0.83 −4.90 −17.02 5 26 61 8 61

Average 0.87 0.77 0.96 0.93 −1.98 −7.39 40 35 19 6
FSF M1ST AN100 0.98 1.25 0.98 1.11 0.87 11.31 57 17 17 9 185
BAC M1ST AN300 1 1.03 1.12 0.96 1.16 1.76 15.64 56 24 13 8 215
SJ4 M1ST AN300 1 0.90 3.65 0.85 1.26 2.18 26.46 39 20 14 27 153
VCS M1ST AN300 1 0.97 1.64 0.96 1.08 1.13 7.58 52 29 14 5 110

Average 0.97 1.91 0.94 1.15 1.48 15.25 51 23 15 12
COP MINIVOL25 AN300 1 1.05 −3.62 0.97 0.81 −2.32 −18.61 20 24 24 33 51
LVR1 MINIVOL25 AN300 1 0.86 −1.23 0.96 0.71 −3.28 −29.14 10 12 21 57 67
S13 MINIVOL25 AN300 1 0.93 −2.12 0.93 0.71 −3.36 −28.65 14 8 22 57 65
SOH MINIVOL25 AN300 1 1.01 −3.04 0.91 0.76 −2.86 −24.02 15 11 22 52 65
VCS MINIVOL25 AN300 1 0.94 −2.66 0.98 0.80 −4.30 −20.21 22 18 26 34 65

Average 0.96 −2.53 0.95 0.76 −3.22 −24.13 16 15 23 47
FSF SFS AN100 0.85 1.02 0.98 0.97 −3.04 −2.50 37 30 22 12 60
BAC SFSd AN300 1 0.86 0.94 0.98 0.93 −3.73 −6.80 28 31 20 21 61

Average 0.85 0.98 0.98 0.95 −3.39 −4.65 33 31 21 17
FSF TEOM10 HIVOL10V 0.67 2.17 0.65 0.72 −11.51 −27.52 19 15 16 50 111
BAC TEOM10 HIVOL10V 0.66 12.55 0.69 0.96 −3.70 −4.19 42 29 9 20 179
LVR1 TEOM10 HIVOL10V 0.74 2.53 0.97 0.88 −2.68 −11.63 44 38 13 6 16
Ml 4 TEOM10 HIVOL10V 0.65 5.57 0.73 0.83 −7.40 −16.99 38 20 12 30 118
S13 TEOM10 HIVOL10V 0.70 2.48 0.78 0.81 −6.01 −19.46 35 21 9 35 131
SJ4 TEOM10 HIVOL10V 0.82 1.46 0.96 0.88 −3.59 −11.56 39 41 13 7 56
SOH TEOM10 HIVOL10V 0.61 6.67 0.74 0.83 −8.02 −17.02 39 19 10 32 113

Average 0.69 4.77 0.79 0.84 −6.13 −15.48 37 26 12 26

aSee Table 1 for site names and Table 2 for sampler descriptions.
bR2 = squared correlation.
cAverage error: AE = 100 1

N

∑N
i=j

Yi−Xi

X
d Percent of sample pairs with the absolute value of AE <10%, 10–20%, 20–30%, or >30%.
eFive SFS samples from 4/12/00 to 5/6/00 identified in Figure 6 and discussed in the text are excluded.
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of a daily Federal PM NAAQS was 1 µg/m3. With respect to the
Federal 24-hour average PM2.5 NAAQS (65 µg/m3), no filter-
based measurement or comparison between any two samplers is
precise enough to resolve that difference.

CONCLUSIONS
This study indicates that Andersen FRM, RAAS 100

(AN100), and 300 (AN300) samplers perform to standards for
FRM equivalence. The difference between FRM samplers was
less than 10 and 20% for 70 and 92%, respectively, of the pair-
wise comparisons. For the other samplers, many of the metrics
fall within the U.S. EPA’s definition of comparability. R2 was
≥0.94 in all cases except for the PM10 TEOM, which has a
FEM designation. The slope was within limits for the BAM25,
M1ST, and MINIVOL25 samplers, although the intercepts were
not. The SFS, which is a designated PM10 FRM but not a PM2.5

FRM, was comparable to the FRM in that results from the two
samplers were highly correlated. Parametric statistics imply that
most of the PM2.5 and PM10 masses from BAM25, DICHOTF,
M1ST, MINIVOL25, and SFS differed from those of the FRM.
However, in such cases, the differences were comparable to their
measurement uncertainties. While some samplers like the PM2.5

and PM10 BAM were not equivalent to the FRM, their measure-
ments were highly correlated. Light scattering (Bsp) measured
with the Radiance nephelometer (RAD and RAD25) was also
highly correlated with PM2.5 mass. These continuous measure-
ments can serve as surrogates for 24-h filter-based sample mass
with respect to resolving short-term variability and identifying
outliers. This was not the case for the PM2.5 or PM10 TEOM.
The study results suggest that the TEOM is neither equivalent
to, nor predictive of, the FRM.

Overall, the comparability among different PM samplers used
in CRPAQS is sufficient to evaluate spatial gradients larger than
about 15% when the data are pooled together for spatial and
temporal analyses. Given that a ±20% tolerance is suggested
for spatial averaging (U.S. EPA 1997c), these differences are
sufficient to evaluate sampler zones of representation and to
detect spatial gradients. Modeling estimates are not expected
to have greater than ±20% precision. Models are also more
effectively tested using the chemical components possible from
the non-FRM samplers applied during CRPAQS.
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